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Poly(e-caprolactone), an aliphatic polyester with biodegradability and cytocompatibility, has
been used to create scaffolds for tissue engineering purposes. However, the hydrophobicity and
low water absorptivity of poly(e-caprolactone) reduce cell anchorage on their membranes. Here,
poly(e-caprolactone)-based scaffolds were prepared by electrospinning of poly(e-caprolactone)-
chitosan blend, and poly(e-caprolactone)-dexamethasone solution. Chitosan and dexamethasone
play an essential role to increase the scaffolding performance of poly(e-caprolactone)-based
electrospun membranes. A poly(g-caprolactone) membrane without chitosan and dexamethasone
did not provide satisfactory results to promote cell culture of adipose mesenchymal stem cells
(AMSCs). Compared to the poly(e-caprolactone)-dexamethasone surface, poly(e-caprolactone)-
chitosan membrane imparts better cytoskeletal reorganization, and cell spreading, increasing
the strength of cell attachment. Also, poly(e-caprolactone)-chitosan composite provides strong
antimicrobial activity against Pseudomonas aeruginosa (ca. 90% inhibition). Therefore, the
poly(e-caprolactone)-chitosan composite is a better alternative to treat skin diseases and promote
skin regeneration than conventional approaches based on dexamethasone.
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Introduction

Poly(e-caprolactone) has been used to develop
cytocompatible materials for tissue engineering due to
its suitable mechanical properties, biodegradability, and
affinity to biological tissues.' Poly(e-caprolactone)-based
nanofibers produced via electrospinning have received
significant attention because they present large surface
area to volume ratio, aiming repair of skin tissues and
skin diseases.? However, it is a challenge to yield suitable
poly(e-caprolactone)-based biomaterials for tissue
engineering purposes because poly(e-caprolactone) has
high hydrophobicity and low water adsorption.* Therefore,
poly(e-caprolactone) should be blended to polysaccharides
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(chitosan,? cellulose acetate,* and starch’) or associated to
materials with biological properties such as dexamethasone
(notable for its anti-inflammatory properties)®’ to
produce electrospun membranes for applications in
tissue engineering field. These materials can enhance the
cytocompatibility, promoting better anchorage of cells onto
poly(e-caprolactone)-based membrane surfaces.
Chitosan is a linear polysaccharide, composed of
randomly distributed (1—4)-D-glucosamine and N-acetyl-
D-glucosamine units.®!° Chitosan is an attractive candidate
for forming blends with poly(e-caprolactone), aiming
production of poly(e-caprolactone)-chitosan nanofibers.
Poly(e-caprolactone)-chitosan blends have been prepared in
several solvent mixtures, such as acetic acid / formic acid,"
formic acid / acetone,'? acetic acid / water,” trifluoroacetic
acid / 2,2,2-trifluoroethanol,’* and others. Among these
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systems, acetic acid / formic acid solvent has promoted
stable poly(e-caprolactone)-chitosan nanofibers with
smaller diameters than poly(e-caprolactone)-chitosan
membranes obtained in other solvents.!!

Dexamethasone (1-dehydro-160.-methyl-9a-fluoro-
hydrocortisone) is a synthetic glucocorticoid with anti-
inflammatory properties used in formulations containing
antibiotics (e.g., gentamicin) to treat infectious diseases
promoted by bacteria, such as Pseudomonas aeruginosa.'*
P, aeruginosa is a Gram-negative microorganism responsible
for bloodstream infections, pneumonia, and infections of
skin and soft tissues.'> The acute external otitis disease is
an infection of skin and subcutaneous tissues, commonly
caused by P. aeruginosa and Staphylococcus aureus.'®
Conventional treatment of otitis often involves administration
of aminoglycosides (e.g., gentamicin) in combination
with dexamethasone.'® However, a study has related that
dexamethasone could suppress the antimicrobial activity
of gentamicin (and other antibiotics) when both are
simultaneously administered to treat infections promoted
by P. aeruginosa and other pathogens.'* Besides, the use
of dexamethasone and gentamicin are limited because they
promote side effects to the central nervous system'” and
kidneys,'® respectively. Yet, dexamethasone causes insomnia,
indigestion, weight gain, acne, and gain of appetite.”

The are some papers reporting about poly(e-caprolactone)-
chitosan and poly(e-caprolactone)-dexamethasone
electrospun membranes. Poly(e-caprolactone) is blended
to chitosan to create scaffold electrospun membranes for
supporting adhesion and proliferation of stem cells.?**!
Poly(e-caprolactone)-chitosan-polypyrrole nanofiber
scaffolds supported the attachment, growth and spreading
of neural cells.?? Chitosan has been used to improve the
surface wettability of hydrophobic electrospun membranes.*
In this facet, poly(e-caprolactone)-chitosan-hydroxyapatite
composite membrane scaffolds promoted proliferation and
osteogenic differentiation of human dental pulp stem cells.”
Poly(e-caprolactone)-chitosan-based composite membranes
have been used for wound healing,** wound dressing,”
skin repair in burn wounds,* cranial tissue regeneration,”
bladder regeneration,? cartilage defect repair,”® and other
applications. Vacanti et al.* produced poly(e-caprolactone)
and poly(L-lactic)-poly(e-caprolactone) nanofibers loaded
with dexamethasone (5.7 wt.% of dexamethasone relative to
dexamethasone and polymer content).?? Controlled release
of dexamethasone allowed tissue regeneration, as well
as attachment and growth of human mesenchymal stem
cells in vitro.?3° Scaffolds based on poly(e-caprolactone)-
poloxamine loaded with dexamethasone also promoted
release of dexamethasone and, hence fostered bone
regeneration.® However, as suggested by many reports,
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dexamethasone must be avoided in real applications because
of its disadvantages.!™!8 In this paper, we are envisioning to
compare the biological properties of poly(e-caprolactone),
poly(e-caprolactone)-chitosan and poly(e-caprolactone)-
dexamethasone and show that the chitosan can replace
dexamethasone in tissue engineering purposes.

As suggested elsewhere, low contents of dexamethasone
(5.0to 6.0 wt.%) can significantly improve the biomedical
responses upon human stem cells.?® Current reports
indicated that at least 20-30 wt.% chitosan could be
added to poly(e-caprolactone) solutions for generating
blends with good electrospinnability.''??3! Then, this
study aims to produce poly(e-caprolactone)-chitosan
and poly(e-caprolactone)-dexamethasone membranes
using a low content of dexamethasone (5.0 wt.%) and a
high level of chitosan (20 wt.%), respectively. Here, we
are envisioning to compare the biological properties of
poly(e-caprolactone), poly(e-caprolactone)-chitosan and
poly(e-caprolactone)-dexamethasone scaffolds to promote
attachment, adhesion, and proliferation of adipose-derived
stem cells, and bactericidal activity against P. aeruginosa.
So, poly(e-caprolactone)-chitosan scaffold membrane
could replace conventional treatments of skin diseases
promoted by the administration of dexamethasone and
antibiotics, reducing side effects to the health.

Experimental
Materials

Poly(e-caprolactone) (80,000 g mol™'), dexamethasone
(suitable for cell culture, = 97% for high performance
liquid chromatography (HPLC)), 1,1,1,3,3,3-hexafluoro-
2-propanol (= 99%), and formic acid (88%) were purchased
from Sigma-Aldrich (St. Louis, USA). Chitosan of
87 x 10* g mol ! average molar weight and 85% deacetylated
was purchased from Golden-Shell Biochemical (Yuhuan
Country of Zhejiang Province, China).*>¥ Acetic acid
(= 98%) was obtained from Acros Organics (New Jersey,
USA).

Forming poly(e-caprolactone)-based membranes by
electrospinning

Poly(e-caprolactone) and poly(e-caprolactone)-
dexamethasone membranes

The poly(e-caprolactone) membrane is formed
from a solution carried out in 1,1,1,3,3,3-hexafluoro-
2-propanol at 12% m/v. For preparing poly(e-caprolactone)-
dexamethasone nanofiber, powder dexamethasone is
dissolved in methanol to reach 30 mg mL"'. This solution
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is added to 12% m/v poly(e-caprolactone) solution to reach
76/241,1,1,3,3,3-hexafluoro-2-propanol / methanol volume
ratio, providing 5.0 wt.% of dexamethasone concerning the
poly(e-caprolactone) content. Both poly(e-caprolactone)
and poly(e-caprolactone)-dexamethasone solutions (5.0 mL)
were obtained in a vortex stirrer at room temperature for
1.0 h. Poly(e-caprolactone) and poly(e-caprolactone)-
dexamethasone solutions were separately transferred to a
10 mL glass syringe and connected to an 18-gauge blunt
stainless-steel needle charged by a high voltage direct
current (DC) power supply (Gamma High Voltage Research)
at 17 kV (20 £ 2 °C and 22% relative humidity).** The tip
to collector distance was set at 12.5 ¢cm, and the solutions
are pumped (2.5 mL h') in a Kent Scientific Genie Plus
(Torrington, USA) syringe pump. As-obtained poly(e-
caprolactone) and poly(e-caprolactone)-dexamethasone
membranes were characterized. Before cell culture and
antimicrobial assays, these membranes were carefully added
to deionized water and sterilized by ultraviolet irradiation
(3 min). Poly(e-caprolactone) electrospun membrane was
called PCL, while the poly(e-caprolactone)-dexamethasone
was labeled as PCL-DEX.

Poly(e-caprolactone)-chitosan electrospun membrane

The poly(e-caprolactone)-chitosan nanofiber was
obtained according to the methodology described by
Van der Schueren er al.'' with modifications. The same
apparatus used to produce the poly(e-caprolactone)-
dexamethasone membrane was used here; however,
poly(e-caprolactone)-chitosan electrospun membrane is
prepared from a blend performed at 70/30 acetic acid /
formic acid mixture. The blend solution contains 20 wt.%
chitosan concerning poly(e-caprolactone) (80 wt.%). The
blend is created by adding desirable chitosan content
(powder) into the poly(e-caprolactone) solution, which is
initially prepared at 6.6% m/v in 70/30 acetic acid / formic
acid mixture. The polymeric blend (5.0 mL) is also provided
in a vortex apparatus at room temperature for 1.0 h. Other
parameters for electrospinning were: flow rate of 1.0 mL h*',
tip to collector distance of 12.5 cm, and voltage of 15 kV.
Before the characterization, poly(e-caprolactone)-chitosan
membrane is neutralized in a phosphate-buffered saline
(PBS) buffer (pH 7.4) for 24 h, changing the PBS five times
(the first four exchanges were performed each 3 h, and the
last one was carried out after 12 h). After neutralization,
the membrane was rinsed with deionized water to remove
PBS, frozen, and lyophilized (24 h). After neutralization,
and before cell culture and antimicrobial tests, this
material was also added to deionized water and sterilized
by ultraviolet irradiation (3 min). Poly(e-caprolactone)-
chitosan membrane is called PCL-CS.
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Characterization

The material surfaces are analyzed by scanning electron
microscopy (SEM) by using a JEOL JSM-6700F apparatus
(Tokyo, Japan). Fiber diameters are determined from SEM
images (50 counts), using the Image] software.*® The
poly(e-caprolactone)-based membranes were characterized
through Fourier transform infrared spectroscopy (FTIR),
using a Shimadzu FTIR-8300 (Shimadzu Scientific
Instrument, Tokyo, Japan), ranging from 2000 to 600 cm’!
at 4 cm™! resolution with 64 scans.

Surface chemistry of the membranes is analyzed by
using a Phi Electronics 5800 Spectrometer (Chanhassen,
USA). X-ray photoelectron spectroscopy (XPS) spectra
are processed with a monochromatic Al Ko X-ray
source (hv = 1486.6 eV), a hemispherical analyzer, and
a multichannel detector. All spectra are yielded with a
photoelectron take-off angle of 45°. A low-energy electron
gun is applied for charge neutralization. The water
contact angles (WCAs) are evaluated by analyzing static
contact angles by the sessile drop method, using a contact
angle goniometer (Kriiss DSA 10, Hamburg, Germany),
equipped with video capture. Images are captured every
1.0 min throughout 10 min by evaluating the contact of a
droplet with the surfaces by a camera (n = 3).

Dexamethasone release assay

In vitro release assay of dexamethasone was carried
out according to a previously reported methodology®
with some adaptations. As-obtained poly(e-caprolactone)-
dexamethasone membrane (ca. 0.02 g) in 20 mL of PBS
(pH 7.4) was added to a shaker (Thoth 6430) under
shaking (100 rpm) for few hours at 37 °C. At desired time
intervals, aliquots of the PBS medium are removed, and
absorbance measurements are evaluated at ca. 240 nm in a
UV-Vis spectrophotometer (Cary, Sao Paulo, Brazil). The
concentration of dexamethasone was determined by using a
dexamethasone standard curve performed with methanolic
solutions ranging from 10 to 100 mg mL".

Cell culture assays

Before seeding the cells on the samples, the adipose-
derived mesenchymal stem cells (ADSC) are cultured
according to the previous methodology reported by
Martins et al.** (see Supplementary Information (SI)
section).

Cell viability studies
Cell viability is determined by a CellTiter-Blue® cell
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viability assay (Promega G808A, Madison, USA) according
to the manufacturer’s instructions and a previously reported
methodology.** After 1 and 7 days, 50 pL CellTiter-Blue®
dye is added to 500 pL cell culture media containing the
sample surfaces and incubated for 6 h (37 °C) at 5% CO,.
The cell viability is determined in a UV-Vis microplate
reader (Molecular Devices Spectra Max M3, Sunnyvale,
USA) at 570 and 600 nm.*

Adhesion and proliferation assay

The adhesion and proliferation assays are carried
out according to the previous methodology described by
Martins et al.** In brief, cell adhesion and proliferation
tests are assessed by staining the cells with rhodamine
phalloidin, 5-chloromethyl fluorescein diacetate (CMFDA;
Life Technologies), and 4’,6-diamidino-2-phenylindole
(DAPI, Invitrogen) after 1 and 7 days of cell culture.* The
full procedure is described in the SI section.

Cell morphology

The attachment and morphology of the ADSC cells
on the scaffold membranes were evaluated by SEM after
1 and 7 days of cell culture, according to the previous
methodology?® (SI section). The SEM images are
acquired by the same conditions reported in sub-section
Characterization.

Antimicrobial assay

The antimicrobial assay is carried out according to
the methodology reported by Martins er al.** In brief,
scaffold membranes (diameters of 6.0 mm) are added to
500 pL lysogeny and inoculated with 50 uLL P. aeruginosa
culture in a 0.3 optical density at 600 nm. After 24 h,
cell suspensions are removed, and trapped bacteria are
stained with live / dead BacLight™ stains (Invitrogen)
and then, cells are microscopically counted by using a
Zeiss Axioskop2 epi-microscope apparatus at a 100x oil
objective.* The live / dead stain includes SYTO 9, that
stains bacteria in population, and propidium iodide that
may only penetrate bacteria having damaged membranes.
An appropriate mixture of the SYTO 9 and propidium
iodide promotes living cell membranes stain fluorescent
green, whereas dead bacteria with damaged membranes
stain fluorescent red.** Live and dead bacteria were
visualized and counted in identical surface locations, and
the fluorescence images are used to determine the live and
dead bacteria using ImageJ software® by counting cells
averaged over 5.0 random areas on each filter specimen
(n=3).
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Statistical analysis

The results are statistically analyzed by using analysis
of variance (ANOVA) and Tukey’s tests (GraphPad
Prism 6.0),” at a 5.0% significance level.

Results and Discussion

Characterization of poly(e-caprolactone)-based electrospun
membranes

Figure 1 shows SEM images of the PCL, PCL-DEX,
and PCL-CS electrospun membranes. The PCL, PCL-DEX,
and PCL-CS fibers presented diameters of 1.9 + 0.4 um,
365 + 96 and 306 + 86 nm, respectively. These findings
agreed with other reported results. Hild et al.*® prepared
PCL-CS membranes with diameters ranging from 200 to
400 nm,*® while Van der Schueren et al.!' obtained smaller
PCL-CS membranes (200 to 250 nm).!! Considering
poly(e-caprolactone)-based membranes loaded with
dexamethasone (5 to 20 wt.% concerning the whole
polymer content), Martins et al.* reported nanofibers with
diameters ranging from 150 nm to 1.6 um.*
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Figure 1. SEM images of the poly(e-caprolactone)-based membranes:
PCL, PCL-DEX, and neutralized PCL-CS.

PCL and PCL-DEX membranes were prepared from
uniform solutions carried out in 1,1,1,3,3,3-hexafluoro-
2-propanol and 1,1,1,3,3,3-hexafluoro-2-propanol /
methanol solvents, respectively. Both poly(e-caprolactone)
and poly(e-caprolactone)-dexamethasone solutions were
provided at 12% m/v poly(e-caprolactone) concentration.



Vol. 30, No. 8, 2019

The incorporation of dexamethasone (5.0 wt.% regarding
the poly(e-caprolactone) mass level) promotes thinner fibers
for PCL-DEX than control PCL nanofiber mesh (Figure 1).
Martins et al.*® observed the same behavior for PCL-DEX
nanofibers carried out from poly(e-caprolactone)-
dexamethasone solutions at 10% m/v PCL concentration at
different dexamethasone contents (5.0, 10, 15 and 20 wt.%
concerning the poly(e-caprolactone) mass content).
These materials were developed from solutions prepared
at 70/30 chloroform / dimethylformamide ratio. In this
facet, nanofibers display diameters ranging from 150 nm
to 1.6 um.* The addition of only 5.0 wt.% dexamethasone
significantly decreased the PCL-DEX fiber diameter
compared to the diameter of the pure PCL membrane.*
Here, the dexamethasone-methanol solution added to
poly(e-caprolactone) solution imparts polarity and provides
higher elongation on electrospinning jet, allowing thinner
fibers for PCL-DEX membrane.

Neutralized PCL-CS electrospun membrane (Figure 1)
was developed from a 6.6% m/v poly(e-caprolactone)
solution containing 20 wt.% chitosan regarding the whole
poly(e-caprolactone) mass content. This composite is
provided from 80/20 poly(e-caprolactone) / chitosan mass
ratio performed in a 70/30 acetic acid / formic acid mixture.
Van der Schueren et al.!! prepared PCL-CS fibers by using
poly(e-caprolactone) solutions ranging from 6.0 to 14%
m/v and chitosan contents into the poly(e-caprolactone)-
based solutions ranging from 15 to 30 wt.%. In this case,
the chitosan level is established according to the poly(e-
caprolactone) mass content, and nanofibers are also
prepared in different acetic acid / formic acid mixtures
(70/30, 50/50 and 30/70). Here, PCL-CS nanofiber is
developed in an acetic acid excess (70 vol%).

Comparing the SEM images, it was observed that
PCL-CS membrane had the lowest diameter. Chitosan is
a cationic polymer (pK, 6.5), which is ionized in an acetic
acid / formic acid solution (70/30 volume ratio). Besides,
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the water content of formic acid (12 vol%) can increase
the conductivity of poly(e-caprolactone)-chitosan blend,
enabling higher elongation on electrospinning jet, inducing
formation of thinner fibers.

FTIR spectra for poly(e-caprolactone)-based
composites are depicted in Figure 2. Electrospun PCL-CS
and PCL-DEX FTIR spectra were similar to the pure
PCL membrane FTIR spectrum. However, for PCL-CS
composite, the appearance of a band at 1587 cm!' is
assigned to the -NH bonds on —-NH, chitosan sites. This
signal can also be ascribed to the ionized -NH;* sites that
remain on chitosan chains even after PBS neutralization.'
Besides, the broadband at 3443 cm is attributed to the ~-OH
and —NH stretching, confirming the presence of chitosan
in the PCL-CS composite (Figure 2). The small band at
1688 cm™! in PCL-CS FTIR spectrum may be attributed to
the amide groups (C=0) on chitosan networks.** Chitosan
and poly(e-caprolactone) macromolecules can interact by
ion-dipole, H-bonds and by London forces. These effective
interactions allow great durability to the PCL-CS composite
membrane. Such behavior is confirmed by analyzing the
SEM images processed from the dried membranes after
incubation of 4 and 7 days into the cell culture medium
(Figure 3). After 7 days, all electrospun membranes
presented similar morphologies when compared to the as-
obtained materials (Figure 1).

PCL-DEX membrane FTIR spectrum had no significant
changes compared to the PCL FTIR spectrum because
of the low dexamethasone content (5.0 wt.%). The slight
entanglement for the band at 3443 c¢cm™ in PCL-DEX
membrane FTIR spectrum is attributed to the —OH stretching
on the dexamethasone molecules.*’ Also, the small band at
1688 cm™ is a characteristic of the C=0 on dexamethasone
structure (Figure 2).34 On the other hand, dexamethasone
does not interact with poly(e-caprolactone) efficiently. As
reported before, poly(e-caprolactone) membrane promotes
a burst release of dexamethasone in PBS.?
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Figure 2. FTIR spectra of the PCL-based electrospun membranes: PCL, PCL-DEX and neutralized PCL-CS.
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Figure 3. SEM images of the PCL, PCL-DEX and PCL-CS membranes
seeded with ADSC cells after 1 and 7 days of culture.

To confirm the presence of dexamethasone into the
PCL-DEX membrane, the composition of the PCL and
PCL-DEX surfaces was determined by XPS (Figure 4).
XPS spectra show a very small peak corresponding
to the fluorine at 689 eV (Figure 4). Fluorine is
unique to dexamethasone, but it also occurs in the
1,1,1,3,3,3-hexafluoro-2-propanol solvent. For PCL
surface, XPS analysis imparted < 0.1% fluorine because
the 1,1,1,3,3,3-hexafluoro-2-propanol remains in the
electrospun surface. However, the atomic percentage of
fluorine reached 0.5% in the PCL-DEX surface, indicating
the presence of dexamethasone.

Chitosan Imparts Better Biological Properties for Poly(e-caprolactone)
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The wettability of different surfaces showed that
chitosan and dexamethasone decreased the WCAs for
poly(e-caprolactone)-based membranes (Figure 5). The
WCAs are determined throughout 20 min. Measurements
indicated that the WCA s significantly reduced after 20 min
by analyzing a water droplet in contact with the electrospun
surfaces. For neutralized electrospun PCL-CS, the water
droplet was entirely adsorbed after 6.0 min, indicating that
the surface is more hydrophilic. However, after 20 min, the
WCAs on PCL and PCL-DEX surfaces reported 88 and 48°,
respectively. Also, the WCAs depend on the surface area
and specific surface properties such as polarity.

Further, the presence of dexamethasone and chitosan
imparts smaller WCAS on the poly(e-caprolactone)-based
membranes due to the occurrence of polar chemical groups
(-NH, / -NH;*, —-OH, —COOH and -F) on the surfaces.
As previously reported, poly(e-caprolactone)-chitosan
composite interacts better with water molecules when
compared to the pure poly(e-caprolactone).”> However,
PCL-DEX mainly provided lower WCAs than PCL
membrane because PCL-DEX exhibited thinner fibers.
Dexamethasone is a hydrophobic drug, but the different
average size of the membranes can induce changes in
the WCA measurements. For poly(e-caprolactone)-based
membranes, the fiber diameters should influence the contact
angle measurements because PCL has high hydrophobicity.
Also, the presence of dexamethasone should slightly
increase the surface wettability of the PCL membrane
because it has hydrophilic moieties in its structure (-OH,
—COOH and -F).

Dexamethasone release and cell viability assay

Dexamethasone release curve profile is presented in
Figure S1 (SI section). As reported elsewhere,” there
are no effective intermolecular interactions between
dexamethasone and poly(e-caprolactone) electrospun
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Figure 4. XPS spectra: PCL (a) and PCL-DEX membrane surfaces (b).
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Figure 5. Contact angle measurements on the PCL, PCL-DEX and
PCL-CS membrane surfaces.

membranes. Then, a weaker association promotes
the burst release of dexamethasone from the pure
poly(e-caprolactone) electrospun membrane. The released
fraction achieves ca. 1.0 after only 120 min in PBS at 37 °C
(Figure S1, SI section). Therefore, the biological response
of the poly(e-caprolactone) loaded with dexamethasone
should mainly be attributed to the released content of
dexamethasone into the cell culture medium. Before cell
culture assay, the PCL-CS membrane is washed in PBS
(pH 7.4) because a current study showed that the washing
step performed with PBS is a better approach when
compared to a diluted weak base ammonium hydroxide
solution.*

The cytotoxicity of the PCL and PCL-based composites
can be determined from the CellTiter-Blue® assay kit. This
kit comprises resazurin, a non-toxic and cell permeable dye
that acts as a fluorescent blue indicator. Resazurin indicates
a color change from blue to pink, in response to the
reduction of cellular metabolic activity and its fluorescence
intensity depends on the number of living cells.*! The cell
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viability assay revealed that ADSC cells remained viable
on all samples in 7 days of culture (Figure 6a). However,
after 7 days, PCL-DEX composite promoted the highest cell
viability (109%), followed by PCL (103%) and PCL-CS
(100%) membranes. Here, even in a low dexamethasone
level (5.0 wt.%), the PCL-DEX fosters higher cell viability
onto the ADSC cells than PCL-CS electrospun in a high
chitosan content (20 wt.%). However, dexamethasone-
based materials have disadvantages for biomedical
purposes because of their side effects promoted to the
body.'"!® The PCL-CS membrane provided a similar result
for cell viability when compared to the negative control
(NC) (Figure 6a). The NC is based on an experiment
with cells seeded without presence of membranes. All the
composites are cytocompatible to ADSC cells, and they can
act as scaffolds for skin engineering purposes.

Adhesion and proliferation test

Results of cell counts indicate that PCL-DEX and
PCL-CS nanofibers promote significant anchorage,
adhesion, and proliferation of ADSC cells in their surfaces
when compared to the PCL surface (Figure 6b). Cells are
seeded at a very low density (5000 per well). For each
sample (n = 3), the number of adhered cells is counted
and then summed over ten non-overlapping fields of
view of the microscope (at 20x). After day 1, the number
of attached cells on the PCL, PCL-DEX, and PCL-CS
membranes were 87, 206 and 189, respectively (Figure 6b).
Sequentially, after day 7 of culture, the number of anchored
cells increased to 164, 238 and 234 (Figure 6b). In the same
period of culture, PCL and PCL-CS membranes impart
a higher increase for cell proliferation than PCL-DEX
surface. However, after day 7, there is no statistical
difference between the cell proliferation results provided
for PCL-DEX and PCL-CS membranes (Figure 6b). These
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Figure 6. (a) Cell viabilities of ADSC cells promoted for PCL, PCL-DEX, and neutralized PCL-CS membranes after 1 and 7 days of cell culture. Negative
control (NC): assay carried out only with cells and without membrane samples. (b) Quantification of ADSC cell proliferation on PCL, PCL-DEX and
neutralized PCL-CS membrane after 1 and 7 days of culture. Statistically significant differences can be observed among groups with different superscript

letters (p < 0.05).
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findings have agreed with other reported results. Chitosan
improves the surface wettability, enhancing the attachment
and proliferation of cells on the poly(e-caprolactone)-based
nanofibers.”>?® A chitosan content of 30 wt.% decreased
the contact angle on poly(e-caprolactone) surface from
123 to 41°.22 As expected, the synthetic glucocorticoid
dexamethasone fosters cell proliferation onto the
poly(e-caprolactone) membrane, mainly because of its
renowned anti-inflammatory properties.**

Cell attachment and proliferation outcomes are
supported by analyzing the fluorescence microscopy and
SEM images (Figures 7 and 3, respectively). PCL-CS and
PCL-DEX membranes promoted proliferation of ADSC
cells because after day 7 there are many more attached cells
on PCL-CS and PCL-DEX surfaces (Figure 7). However,
the cells are more flattened and spread on PCL-CS surface.
The size diameter of the nanofibers can also influence the
cell culture results because of the surface area. SEM images
revealed that PCL-CS membrane permits better spreading
for ADSC cells after 7 days of culture, imparting formation
of ADSC cell tissues on the composite surface (Figure 3).
This behavior was not observed on PCL and PCL-DEX
electrospun membranes (Figure 3). Even more, following
attachment, the formation of new bonds and establishment
of novel interactions occur between cell surface receptors
and PCL-CS membrane, allowing cell adhesion and better
cell spreading. The cytoskeletal reorganization permits
cell spreading onto the PCL-CS membrane, increasing the
strength of cell attachment.

Dexamethasone is a well-known drug due to its
capacity to stimulate proliferation of mesenchymal stem

Day 1

Day 7

PCL-DEX

PCL-CS

Figure 7. Fluorescence microscopy images (20x) of the PCL, PCL-DEX
and PCL-CS membranes seeded with ADSC cells after 1 and 7 days of
culture.

J. Braz. Chem. Soc.

cells,® and because of its anti-inflammatory properties.’
Dexamethasone has been used to treat cancer,*? skin
diseases,* acute bacterial meningitis,* and other diseases.
Also, dexamethasone can be used for local anesthetic pain
relief therapy;* however, skin atrophy is accelerated by
topical dexamethasone treatments, which is widely used
in dermatology. Gebhardt er al.*® showed that dermal
hyaluronan in human skin is reduced after short-term
dexamethasone treatments, imparting skin atrophy. In the
treatment of acute lymphoblastic leukemia, dexamethasone
has promoted adverse effects such as infection, bone
fracture, osteonecrosis, and myopathy.*” Therefore,
new alternative materials (like PCL-CS membrane) that
overcome these disadvantages are essential.

Antimicrobial assay

Figure 8 depicts the antimicrobial activity of the
PCL-DEX and PCL-CS membranes against P. aeruginosa.
The number of live / dead cells is counted and then
summed over five non-overlapping fields of view of the
microscope (at 100x). For each sample, three samples
(n = 3) are used for each condition at each time point.
The PCL-CS composite promotes a strong antimicrobial
activity (ca. 90% inhibition after 24 h), while the PCL-DEX
surface provides only 18% death. The antimicrobial activity
of PCL-CS material is attributed to the remaining —NH;*
sites (401.2 eV)* on the PCL-CS surface even after PBS
neutralization (Figure 9). This fact was confirmed by
XPS analysis. Cationic sites on PCL-CS can interact with
P. aeruginosa cell walls (negatively charged), increasing
cell permeability, allowing leakage of cell constituents
and cell death.*
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Figure 8. Antimicrobial activity of the PCL-DEX and neutralized PCL-CS
membranes after 24 h of incubation with P. aeruginosa.
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Chitosan and quaternized ammonium chitosan
derivatives have received attention because of their renewed
antimicrobial activity against several bacteria types.**
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Figure 9. XPS spectra of the neutralized PCL-CS membrane: survey (a) and high-resolution XPS spectrum for N1s (b).

Also, some works have related that dexamethasone
and some dexamethasone-based derivatives present
antimicrobial action.’'*> However, for treating skin
diseases, dexamethasone is usually administrated with
gentamycin (an antibiotic with strong antimicrobial
activity that provides an acute kidney injury).!®>?
Dexamethasone and antibiotics cause several side effects
on health. Therefore, the antimicrobial activity of the
PCL-CS electrospun membrane is important since this
biomaterial can be used as a scaffold for skin regeneration
and in contact with skin tissues it may avoid infection
promoted by P. aeruginosa. So, this material can be used
to treat skin diseases.

Conclusions

This study indicates for the first time that a PCL-CS
membrane seeded with ADSCs (human cells) may promote
better conditions for mesenchymal stem cell survival than
PCL-DEX membrane. Chitosan imparts better biological
responses than dexamethasone for poly(e-caprolactone)-
based membranes. Here, the chitosan content (20 wt.%)
can be tuned on a PCL-based membrane to promote
at least similar results for anchorage, adhesion and
proliferation of ADSC cells, when compared to the PCL-
DEX material loaded with 5.0 wt.% dexamethasone.
However, PCL-CS electrospun membrane can be used
as a scaffold material for skin regeneration and to treat
skin diseases instead of conventional strategies based on
dexamethasone approaches because of the side effects
promoted on health.

Supplementary Information

Supplementary data are available free of charge at
http://jbcs.sbq.org.br as PDF file.
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